ABSTRACT Fluorine-doped tin oxide (FTO) thin films were prepared, at different substrate temperatures, using dilute precursor solutions of di(n-butyl)tin(iv) diacetate (0.1 M DBTDA) by varying the F − concentration in the solution. Morphology of SEM image revels that grain size and its distribution are affected by the substrate temperature. At the lowest temperature (400°C) the grain size become the smallest and at the highest temperature grain size become larger while at moderate temperature it has a large distribution of grain sizes. XPS calculation reveals that fluorine doping will decrease when substrate temperature is increased. Carrier concentration measured from hall coefficient analysis is found to be varying with the amount of fluorine doping as well as with the surface area of the film. Mobility becomes the lowest for the lowest grained FTO and it is the highest for the largest grained FTO. The best film, has large distribution of grain sizes (50-400 nm), gives an electronic conductivity of 31.85 × 10 2 Ω −1 cm −1 , sheet resistance of 4.4 Ω/square with over 80% transmittance (400-800 nm). Optimum conditions of the best FTO film were 0.1 M DBTDA, 0.3 M ammonium fluoride, in a mixture of propan-2-ol and water, at 470°C substrate temperature. Dye-sensitized solar cells were fabricated using both the FTO films thus prepared and with the commercial FTO film. The best efficiency of 6.48% was observed for the cell fabricated from the best FTO films prepared at 470°C whereas the cells fabricated from the commercial FTO shows 5.30% light-to-electricity conversion efficiency (Illumination-A.M 1.5, Cell active area-1 cm 2 , MPN based electrolyte-I − /I 3 − ).
Introduction
Fluorine-doped tin oxide (FTO) thin films are widely used in various fields of device making technologies such as window layers in solar cells, 1 gas sensor devices, 2 substrates for electrodeposition 3 and transparent contact in optoelectronic devices and so on. The usage of FTO broadens in various fields of the technology due to its chemical and thermal stability along with the high optical transparency in the visible range and high electrical conductivity. FTO has been prepared by various methods including chemical vapor deposition, 4 pulsed laser deposition, 5 rf sputtering, 6 sol-gel and spray pyrolysis deposition (SPD). 7 The spray pyrolysis is widely used to prepare FTO films, owing to its simplicity, low-cost experimental apparatus arrangement, readily incorporatability of various dopants, high growth rate and high mass production capability for large area coatings and so on. Spray pyrolysis is a process in which a thin film of a required material is deposited, on to a hot surface, by spraying a precursor solution on to it.
Several tin compounds, such as tin(ii) chloride dehydrate, 8 tin(iv) chloride pentahydrate, 9 tetra(n-butyl)tin and di(n-butyl)tin(iv) diacetate (DBTDA) etc., 10 have been used as a tin element in the precursor solution for preparing FTO films using the SPD technique. Their preferred crystal growth orientation and crystal size differ with the nature of the compounds used which in turn affect the optical and electrical properties of resulting thin films of FTO. Kaneko et al. have used DBTDA as tin compound for preparing the SnO 2 film and they have studied the initial growth mechanism of SnO 2 formed and the thermal decomposition of DBTDA. 10, 11 For the device application of FTO in the vast area of the fields, such as in the Dye-sensitized solar cells, the transmittance and the conductivity are to be considered as the key parameters in the properties of the FTO. Therefore the transmittance and the conductivity should possess their utmost value for high efficient device application. When considering the many past publications of FTO prepared, it is seen that normal transmittance over 80% in the visible region and sheet resistance less than 5 ³/square have been unable to reached due to their unmatching grain distribution and carrier concentration. 4, 7, 1216 It is well known that large grain size favors for high optical transmittance and high mobility of the film and smaller grain size favors for high carrier concentration in the FTO film. 13, 17 In the present study, the effect of fluoride concentration in the precursor solution and the deposition temperature on the nature of the FTO films obtained have been investigated over a large range of F ¹ with relatively low concentration of DBDTA in the precursor solution over a temperature range of 400 to 530°C. The FTO films obtained have been characterized using UV-visible spectrometry, SEM, XRD, Hall Effect measurements and by X-ray photoelectron spectroscopy methods. Dye-sensitized solar cells were fabricated from these prepared FTO films.
Experimental

Preparation of FTO films
Fluorine-doped tin oxide films were prepared by the spray pyrolysis deposition method using a solution mixture of DBTDA (Nitto Kasei Co. Ltd., u-200) in propan 2-ol and NH 4 F (Wako chemicals) in distilled water (2 ml of water for 1 g of NH 4 F).
Concentration of DBTDA kept constant as 0.1 M and F/Sn ratio were varied systematically. It was found that best F/Sn ratio is 3/1 after careful preparation and characterization of the FTO films (Data not shown). Spray pyrolysis was done at different substrate (Corning glass-25 mm © 25 mm) temperatures using a SPD machine KM-25. Spray parameters such as spray pressure (0.15 MPa), nozzle height (20 cm), total spray amount (37 ml), spray time for one cycle (0.5 s), waiting time between two cycles (12 s) and number of cycles (400) were all kept constant throughout the experiments.
Fabrication of Dye-sensitized solar cell
Titanium dioxide nano particles were prepared as follows. Titanium isopropoxide (20 ml) and acetic acid (2.5 ml) were mixed with 25 ml ethanol and water steam was passed to the solution for few minutes until mixture become transparent solid. This solid TiO 2 was mixed with 50 ml of water and stirred in an agate mortar for several minutes. The mixture was then transferred into a metal container and auto-cleaved for 3 h in 180°C. 20 ml of above prepared TiO 2 solution, 5.5 ml of acetic acid, 5 drops of Triton-x-100 and 20 ml of ethanol were ground together in a motor for 10 min and the mixture was sonicated ultrasonically for 10 min. This solution was sprayed on pre-heated (160°C) FTO sheets (1.5 © 2 cm 2 ) to have geometrical area of the TiO 2 film 1 cm ¹2 and sintered 500°C for 30 min. The thickness of the TiO 2 film was 11 µm. N719 (cis-diisothiocyanato-bis(2,2B-bipyridyl-4,4B-dicarboxylato)ruthenium(II) bis(tetrabutylammonium)) dye was absorbed by dipping TiO 2 films in N719 solution for 15 h at room temperature (4 © 10 ¹4 M, in 1:1 volume ratio of Acetonitrile and t-Butanol). The I-V measurements were carried out after assembling the cell by keeping Pt-sputtered FTO glass as a counter electrode and filling capillary space with electrolyte consisted with 0.6 M 1-Butyl-3-Methylimidazolium iodide, 0.1 M LiI, 0.1 M I 2 , 0.5 M tert-butylpyridine in 3-methoxypropionitrile.
Instrumentation
The surface morphology and cross sectional image of FTO film were examined by the scanning electron microscopy (JSM-6320F). Thicknesses of FTO films were estimated using the cross sectional images taken. Fluorine concentrations of the films were examined by the X-ray photoelectron spectroscopy (Shimadzu: ESCA 3400). Crystal structures of the films were studied by the XRD analysis (Rigaku: miniflex). Conductivity, mobility and carrier concentration of the films were determined by the Hall measurement in van der Pauw method (Ecopia Hall effect measurement system HMS-3000). The visible (400800 nm) transmittance of the films was investigated using UV/Vis/NIR spectrometer (Jasco V-570). Sheet resistance of the films was measured by the 4-pin probe method (Loresta-GP MCP-T610).
IV characteristic was measured using calibrated solar simulator under 1.5 AM, 100 mW cm ¹2 (EKO MP160 IV curve tracer and EKO XES-1001S light source). Figure 1 shows the SEM pictures of FTO films prepared from 0.1 M DBTDA and 0.3 M NH 4 F (F/Sn = 3/1) at different substrate temperatures. From these images, it can be seen that grain size and its distribution are largely affected by the substrate temperature. Grain size is increasing with increasing the substrate temperature. At 400°C, the FTO consists of the smallest grain size (³85 nm) whereas At 530°C substrate temperature, FTO contains ³150 nm mean grain size. At 470°C substrate temperature, the film consists of large distribution of grain sizes (50 to 400 nm) as shown in Fig. 1 . Grain size directly affects to the electron mobility and then conductivity due to the variation of number of grain boundaries with the grain size of FTO film. 13 Therefore Grain size and its distribution are very important in a FTO film since they affect not only to the conductivity but also to the transmittance. Electrical and optical properties of the FTO films are discussed with the variation of grain size and its distribution in the following section. Optical and electrical studies of FTO films Table 1 shows the optical and electrical parameters of the FTO films prepared from 0.1 M DBTDA keeping the F/Sn ratio at 3/1 at different substrate temperatures. It displays the film thickness (D), sheet resistance (R s ), average total transmittance between the wavelengths of 400 and 800 nm (T t ), average normal transmittance between wavelengths of 400 and 800 nm (T n ), calculated haze ratio, electron density (n), mobility (L) and the conductivity (Q). It can be seen that the thickness of the FTO film prepared at 400°C is low compared to other deposition temperatures as shown in Table 1 . 
Results and Discussion
Characterization of FTO SEM analysis
Lower deposition rate and growth rate of SnO 2 at lower temperature may be a reason for lower thickness. At higher temperature like 530°C the loss rate of solution droplets by evaporating before touching the substrate is high compared to lower temperatures. Therefore the thickness of FTO film at higher temperature (530°C) becomes relatively low compared to moderate temperature. Transmittance of each film is almost over 80%. Transmittance depends on film thickness, grain distribution and surface morphology. Haze factor of the films was calculated using the Eq. (1). 18 Slightly higher haze factor can be appeared when substrate temperature is increased to 530°C as shown in Table 1 . At high temperature grain size and crystalinity both become higher and hence total transmittance is high (83.1%) due to optical scattering resulting large haze factor.
Haze Factor ð%Þ ¼ ðT t À T n Þ Â 100 T n ð1Þ Figure 2 shows the substrate temperature dependence of electron density and mobility in the FTO films prepared from 0.1 M DBTDA and 0.3 M NH 4 F (F/Sn = 3/1). Mobility of electron which is mainly depend on the number of grain boundaries is increased by increasing the substrate temperature from 400 to 530°C as shown in Fig. 2 . FTO film having large grain size gives higher mobility while small grain size gives lower mobility owing to electrons to cross over lesser grain boundaries for large grains and higher grain boundaries for small grains. Electron density of the films goes down when increasing the substrate temperature as shown in Fig. 2 . The highest electron density of 10.45 © 10 20 cm ¹3 was observed at the lowest substrate temperature (400°C) and the lowest electron density of 2.71 © 10 20 cm ¹3 was observed at highest substrate temperature (530°C). Electron density varies with the dopant quantity and it is decreased with the increase of substrate temperature (discuss in the next section). Furthermore the measurement of Hall Effect and the sheet resistance are based on surface measurement system and hence those parameters mainly depend on the surface area as well. The surface area variation (just seen the SEM image-not calculated) is almost followed by the variation of electron density as shown in Fig. 1 . That is the highest surface area (small grains) gives highest electron density and the lowest surface area (Large grains) gives the lowest electron density. Therefore to have the maximum conductivity of a film, it should have the highest surface area (for higher electron density) as well as the lowest grain boundaries (for higher mobility), where it can be only obtained through the large distribution of grain sizes. As described, the best FTO film was obtained at 470°C substrate temperatures where it consists of large distribution of grain sizes (50 400 nm). Table 2 shows the F/Sn ratio of the FTO films prepared from 0.1 M DBTDA and 0.3 M NH 4 F (F/Sn = 3/1) at different substrate temperatures. When substrate temperature is increased from 400 to 530°C, the fluorine amount in the film is diminished as shown in Table 2 . The maximum fluorine amount, F/Sn ratio 4.38, was observed in the FTO film prepared at the lowest substrate temperature (400°C). The atomic ratio should not vary with the surface area and hence it can be clearly said that doped fluorine amount is decreasing with the increasing of substrate temperature. XRD analysis Figure 4 shows the XRD patterns of SnO 2 powder together with that of FTO films prepared from 0.1 M DBTDA and 0.3 M NH 4 F (F/Sn = 3/1) at different substrate temperatures. The XRD patterns show that the dominant orientation of the FTO film prepared at both lower (400°C) and higher (530°C) substrate temperatures is (301) whereas at the moderate substrate temperatures (450, 470°C) both (211) and (301) orientations are dominant. Also increasing the substrate temperature, the increase in intensity leads better crystallinity of the films. Therefore the substrate temperature strongly influences the crystalinity as well as the appearance of new phases of the F-SnO 2 crystals. Figure 5 shows the I-V curves for the DSCs fabricated using FTO films prepared from 0.1 M DBTDA and 0.3 M NH 4 F (F/Sn = 3/1) by varying the substrate temperature. The same for the commercial one is also given for easy comparison. IV measurement was carried out using a calibrated solar simulator under 1.5 AM, 100 mW cm Electrochemistry, 80(9), 624628 (2012) electrolyte was 0.
XPS analysis
DSC characteristics
The open circuit voltage of each DSC is nearly constant, but the parameters that are varying with each cell are fill factor and the short circuit current density. Both total transmittance and the haze factor of FTO govern the current density of the DSC. Increasing haze factor will improve the optical path length through the dyeadsorbed TiO 2 layer thus increase the current density. When these two factors are competing, if opposite variation, the dominant factor will more contribute to the current density of the DSC. Chih-Hung Tsai et al. has reported in their recent publication that current density would improve by increasing the haze factor of FTO film. 19 The dominant factor of their FTO films is the development of haze factor (17%) compared to the total transmittance at 550 nm as they discussed. As far as our FTO prepared is concerned, both total transmittance and haze factor are appeared to be dominant at higher substrate temperature (530°C) thus shows the maximum current density. But In the case of commercial FTO, even slightly increase of haze factor (³6%) is appeared compared to the prepared FTO the transmittance is low (Tt-79.8%, Tn-75.3%), therefore the resultant current density becomes lower than to the prepared FTO as shown in Table 3 .
The maximum fill factor of 0.635 was observed for the cell fabricated from FTO prepared at 470°C substrate temperature where the sheet resistance becomes the lowest. The minimum fill factor of 0.357 was observed for the cell fabricated from FTO prepared at 400°C substrate temperature where the sheet resistance becomes the highest as shown in the Table 3 . Fill factor is totally governed by the sheet resistance (or conductivity) of the FTO film since other conditions of DSC are same; it is already a common known factor in DSC.
The best efficiency of 6.48% was observed for the cell fabricated from the best FTO films prepared at 470°C whereas the cells fabricated from the commercial FTO shows 5.30% light-toelectricity conversion efficiency. Efficiency variations of these DSCs are totally controlled by the conductivity and the transmittance of the FTO film as the haze factor is not so dominant. The highly conducting FTO film with over 80% transmittance for best DSC efficiency can easily be prepared using a large distribution of grain sizes. In our method, it was possible to prepare such a film using precursor solution containing 0.1 M DBTDA, 0.3 M NH 4 F and a substrate temperature of 470°C.
Conclusions
Method of spray pyrolysis was used to prepare FTO films using DBTDA (0.1 M) as the tin compound and 2-propanol as the solvent mixed with ammonium fluoride (0.3 M) dissolved in small amount of distilled water. It was found that grain size and its distribution of F-SnO 2 are entirely affected by the substrate temperature. At low temperature (400°C) FTO has smaller grain size (³85 nm) and at higher temperature (530°C) it has larger grain size (³150 nm) interestingly at moderate temperature (470°C) it has a large distribution of grain sizes (50400 nm). The best FTO film is the one which has the largest distribution of grain sizes prepared at 470°C substrate temperatures. It consists of the conductivity 31.85 © 10 2 ³ ¹1 cm ¹1 , sheet resistance 4.4 ³/square and over 80% average transmittance. The important finding of this paper is that large distribution of grain sizes of F-SnO 2 can optimize the conductivity of a FTO thin film.
Prepared FTO films were used to fabricate dye-sensitized solar cells and it was found that the best light-to-electricity conversion efficiency of 6.48% can be obtained for the FTO prepared at 470°C substrate temperature which is the best FTO prepared. Measurements were done at 1000 W m ¹2 simulated AM 1.5 irradiation using 3-methoxypropionitrile based electrolyte, cell area of 1 cm Electrochemistry, 80(9), 624628 (2012)
